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Measurement of the Dielectric Constants of Metallic
Nanoparticles Embedded in a Paraffin Rod at
Microwave Frequencies
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Abstract—A cylindrical rod composed of a uniform mixture of
metallic nanoparticles and alumina powder dissolved in paraffin
was inserted in the center of a cylindrical microwave cavity. The
real and imaginary parts of the complex dielectric constant of
metallic nanoparticles at various microwave frequencies of the
TM010 mode can be determined from the resonant frequency
and quality factor, respectively, of the transmission resonance
spectrum. This method involves the protection of the sample from
adsorbed moisture and prevents the rod from filling with air,
thus making the experimental values more accurately and stably
determined than they are by the dielectric double-cavity method.
The real parts of the dielectric constants of metallic nanoparticles
are negative and their magnitudes decrease as the particle size
decreases. This finding is consistent with theory, which states that
conduction becomes weaker as the particle size is reduced.
Index Terms—Dielectric constants, metallic nanoparticles,
microwave cavity.
I. INTRODUCTION
THE dielectric constants of metallic nanoparticles in the mi-crowave frequency range have rarely been reported. The
high microwave-field absorption of the metallic particles in-
volves using the conventional method of inserting a powder-
pressed thin disk in a microwave guide to determine the dielec-
tric constant by measuring the attenuation and phase delay of
the penetrating wave, which cannot be used. Liu et al. [1] ear-
lier proposed a method of measuring the dielectric constants of
metallic nanoparticles using a microwave double-cavity dielec-
tric resonator (DR). The metal nanopaticles were mixed with
alumina powder that was filled and pressed in the inner hole
of a sapphire disc. The resonant frequency and factor were
measured at the mode to derive the complex dielectric
constant. The spherical alumina particles were closely stacked,
but 30% of the volume in the pressed rod was unfilled. This
volume is usually occupied by water molecules in an humidity
environment, resulting in the serious absorption of microwave
fields. The microwave absorption due to moisture absorbed in
the alumina powder and the air between the particles adversely
impacts the ability to accurately determine the dielectric con-
stants. Therefore a method that can obviate the absorption of
moisture in the powder is urgently required.
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Dielectric constants specify the response of the dipole dis-
placement in an external applied field in terms of ion and elec-
tron motion. Incident electromagnetic (EM) fields of different
frequencies cause different responses from ions and electrons.
As the size of the metal films or particles declines, the mean
free path becomes constrained by surface scattering. The clas-
sical size effect [2], which affects the dielectric constant, occurs
as the metal film thickness or the particle size becomes smaller
than or similar to the mean free path of the carriers inside
the metal. The quantum size effect arises as the particle size
decreases further below the Bohr radius [3] where the contin-
uous conduction band becomes discrete. In the simple quantum
sphere model (QSM) for small metallic particles embedded in
inert gas or air, the quantum confined electrons can be consid-
ered as nearly free electrons, but with discrete energy levels. For
metallic nanoparticles embedded in an active matrix, the diffu-
sion model is adopted [4]. The dielectric constants of metallic
particles contributed from quantum size effect, which deviate
from the values derived from the classical Drude model, can be
expressed as [3]
(1)
where , is the Planck constant, is the size
of the particle, is the incident frequency, are the dis-
crete energies at quantum levels and , and is the relaxation
time. It is apparent that the magnitudes of the real and imagi-
nary parts of the dielectric constant are inversely proportional
to the particle size. The conductivity of metallic nanoparticles
decreases as the particle size decreases and behaves as noncon-
ducting below a critical size and temperatures. Since the real
part of the dielectric constant of metals is negative, the mag-
nitude of the real evidently decreases with the particle size
and approaches positive in accordance with the material that be-
haves as an insulator. It urgently demands the measurement of
the dielectric data at the microwave frequency range for recently
developed nanotechnologies.
This study measures the real and imaginary dielectric con-
stants of variously sized silver and iron nanoparticles. The
measurements are repeatable. The absorption of moisture in
the sample powder is reduced and the filling factor is increased
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Fig. 1. Cylindrical concentric cavity where " and " are the dielectric
constants of the sample rod and air gap, respectively.
by mixing the alumina powders, metallic nanoparticles, and
paraffin with the mixture heated in a mold to form a cylindrical
rod, which is inserted into the cylindrical microwave cavity.
The loss tangent of the paraffin is negligibly small so the rod
is ideal for use as a microwave resonator that contains metallic
nanoparticles.
II. MICROWAVE TM MODES AND THE QUALITY ( ) FACTORS
A DR that is composed of alumina powder with a high
dielectric constant can significantly reduce the cavity volume
and yield a high- factor. The construction detail of the DR is
shown in Fig. 1 where a cylindrical rod of diameter that com-
prises a mixture of metallic nanoparticles, alumina powder, and
paraffin with an effective dielectric constant is installed into
the center of a copper-made cavity that has an inner diameter
. The EM fields that can propagate inside the cavity can be
solved from Maxwell’s equations with proper boundary condi-
tions. The transverse electric (TE) mode, transverse magnetic
(TM ) mode, and hybrid mode (HEM) can normally be excited
in a cavity. The mode has the advantages of a lowest
resonant frequency that is independent of cavity length and
is easily identifiable. The mode is exploited because
stronger electric fields are present near the axis than are present
in the mode, resulting in a higher sensitivity due to
metal conduction loss.
For a cylindrical cavity with a longitudinal coordinate along
the -axis and having an azimuthal radius , the resonant fre-
quency for the mode can be solved from the secular de-
terminant [5], [6]
(2)
where
Fig. 2. Evaluation of Q from the measured transmission coefficient S
spectrum.
For , the th-order Bessel functions are in forms of
and . For , we have the solution in cylin-
drical coordinates of the modified Bessel function as and
. The final solutions of the EM fields within the dielec-
tric rod (for ) and between the air space ( ) of
the cavity are, respectively [7],
for
(3)
for
(4)
In addition to the measurement of the resonant frequency to
derive the real part of the dielectric constant , we also measure
the factor to derive the loss tangent and imaginary part of .
The total energy stored in the cavity is
(5)
where and are the real parts of the dielectric constants of
the inner rod and outside air gap, respectively. The factors are
expressed as in [1] where and are the unloaded cavity
factors, respectively, without and with external wirings such
as the transmission-line connector and antenna. can be ex-
pressed as
(6)
where is the conducting loss of the copper wall, is the
dielectric loss from paraffin and alumina, is the loss from
the metallic nanoparticles, and is the radiation loss.
can be directly measured from the 3-dB position of
the transmission spectra, as shown in Fig. 2, which is given by
. The unloaded is simply derived from
[8] as dB ,
where dB is the inserting loss, which can be directly read
from the network analyzer.
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Fig. 3. AFM picture of the Ag nanoparticles showing the morphology and a height scan of one single particle.
The dielectric losses of the metallic nanoparticles is given by
(7)
where is the imaginary part of the effective dielectric con-
stant, which is contributed mostly from metallic nanoparticles.
can be derived from the difference of separated measure-
ments without and with metallic nanoparticles such as
(8)
where and are defined as
(9)
In which is the factor for the inserting of the dielectric
rod, which contains only a paraffin and alumina mixture.
III. EXPERIMENTS FOR A DR COMPOSED OF
SEVERAL COMPONENTS
The dielectric constant of metallic nanoparticles is derived
from the effective value of the total mixture. The effective
medium theory, which considers the depolarization (the in-
ternal fields are distorted) of the medium by the presence of
the local field induced by impurities, is valid only for a very
small fraction of the impurity component. For a cylindrical rod
that is composed of three components , , and with two of
Fig. 4. Typical S spectra for mixed powders of paraffin, alumina, and iron
nanoparticles.
them having a comparable volume ratio, the effective dielectric
is much appropriate to be expressed by the effective medium
approximation (EMA) as given by [9]
(10)
where and are the volume ratio and dielectric constant of
the th component, and is the effective value of the mixture.
The EM fields is concentrated in the dielectric rod as the of
the alumina component is high. To retain the high- factor, the
volume ratio of metallic nanoparticles should be below 1%, oth-
erwise the resonant spectrum is difficult to analyze.
The metallic nanoparticles are prepared by thermal vacuum
evaporation in the presence of argon gas at a pressure of 200
600 mtorr. The particle size heavily depends on the filling gas
pressure and evaporation speed. The particles are nearly spher-
ical and roughly uniform in size as measured by atomic force
microscopy (AFM), as shown in Fig. 3. A higher filling gas pres-
sure corresponds to more collisions among the metallic atoms to
produce larger aggregated particles. The particle sizes distribute
in log-Gaussian form with the average size that are cross-ex-
amined by the half-linewidth of the X-ray powder diffraction
spectrum [10]. The sample rod is prepared by first melting the
paraffin in a mold to a desired inner diameter from which the
mixed alumina and metallic nanoparticle powders at a known
volume ratio is poured and uniformly mixed in the mold. After
it is slowly cooled, the cylindrical rod is extruded from the mold
and is cut into a proper length. Typical transmission spectra
measured by an Anritsu 37347A network analyzer are shown in
Fig. 4.
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TABLE I
MEASURED REAL AND IMAGINARY PARTS OF THE DIELECTRIC CONSTANT OF
SILVER AND IRON NANOPARTICLES OF VARIOUS SIZES EMBEDDED IN
PARAFFIN AND ALUMINA MATRIX MEASURED AT ROOM TEMPERATURE
IV. RESULTS AND DISCUSSION
The densities of paraffin, alumina, and silver powder are
firstly determined as 0.9021, 3.97, and 10.5 g cm , respec-
tively, before exploiting the EMA theory. The mode
is identified; in this mode, the resonance line does not shift
when the cavity length is changed. The dielectric constants and
loss tangents, as derived from the resonant frequency and
factor of the spectra, are 2.268 0.004 and 2.0 10 for
paraffin and 10.7 0.2 and 3.0 10 for alumina, respectively.
Table I provides the real and imaginary parts of for various
sized silver nanoparticles mixed with paraffin and alumina.
Considering the fact that the decrease of the electron relaxation
time as the particle size reduces, the dielectric function at
low frequency and long wavelength (at microwave frequency)
derived from random phase approximation is derived as [11]
(11)
where is the Bohr radius, is the dielectric for bulk value,
and is the Fermi wave vector. This equation illustrates that
the magnitudes of the real and imaginary parts of decrease
with the decrease of the particle size behaving similarly to the
electrical conduction.
Fig. 5 schematically depicts the size dependence of on size.
Equations (7)–(9) demonstrate that the imaginary part is derived
through several manipulations of different factors so the error
is larger than that of the real part, which is determined directly
from the resonant frequency. We have also measured the dielec-
tric constants of the same samples at liquid-nitrogen tempera-
ture, as dictated in Table II, which reveals the increase of elec-
tric conduction at low temperatures, implying an increase of the
Fig. 5. Size dependence on the absolute value of the real and imaginary parts
of the dielectric constants for silver nanoparticles at room and liquid-nitrogen
temperatures. The heavy curves are the theoretical fitting of (11) employing with
a  10 nm and k  4:8 nm.
TABLE II
MEASURED REAL AND IMAGINARY PARTS OF THE DIELECTRIC CONSTANT OF
SILVER AND IRON NANOPARTICLES OF VARIOUS SIZES EMBEDDED IN PARAFFIN
AND ALUMINA MATRIX MEASURED AT LIQUID-NITROGEN TEMPERATURE
negative value of the real part. An abnormal peak of the imag-
inary part occurs for the particle size around 20 nm measured
both at room and liquid-nitrogen temperatures, which is sophis-
ticatedly presumed due to a large distribution width of the par-
ticle size resulting in an indeterminacy of the EMA theory.
The measured dielectric constant for iron nanoparticles at a
resonant frequency of 9.25 GHz is 11.37 and 9.06 for the real
and imaginary parts, respectively, which are close to the values
of silver nanoparticles. The blackish appearance of metallic
nanoparticles demonstrates that the EM properties for optical
absorption remain similar over a wide range of wavelengths
that may even extend to the microwave frequency. The complex
dielectric constants depend on the particle size, surface oxida-
tion, and measured frequency. To our knowledge, no attempt
to measure the dielectric constants of metallic nanoparticles
at microwave frequencies is available for comparison. The
effective dielectric constants for ultrathin silver films simulated
from the optical second harmonic spectrum by exploiting the
attenuated total reflection method range from to
within the wavelength from 5.32 to 10.64 nm for
film thickness of 10 nm [12], [13] that are compatible to this
study.
1760 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 5, MAY 2005
In this study, a microwave DR, which can be easily detached
from the cavity for changing the mixture of metallic nanoparti-
cles and alumina powders, was designed to measure the complex
dielectric constant of metallic powders from the resonant fre-
quency and factors of its spectrum. It is still premature to iden-
tify a deterministic value of the dielectric constant of metallic
nanoparticles, which heavily depends on the ability to accu-
rately determine factors such as the particle size, surface oxida-
tion, molecular absorption, surface morphology, and frequency.
The magnitude of the real part of for metallic nanoparticles
decreases with a decreasing particle size, suggesting that the
particles become less conducting as the particle size decreases.
The microwave absorption depends on the shape and size dis-
tribution, making it extremely difficult to determine the imag-
inary part. The darkish appearance of many different metallic
nanoparticles illustrates that the measured dielectric constants,
even of silver and iron nanoparticles, are close in proximity.
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